Two polymorphic modifications of 1,4-dibromo-2,5-bisĲbromomethyl)benzene have been discovered and structurally characterized; their thermodynamic relationships and transformation behaviour have been investigated. Form I crystallizes in the triclinic space group P1, whereas form II crystallizes monoclinic in space group P2 1 /c, both with imposed inversion symmetry of the molecule. Their crystal structures involve layers, in which the molecules are linked by intermolecular Br⋯Br interactions to form similar systems of linked rings. Initial studies involved batches consisting of pure form I or a mixture of I with traces of II (as obtained by chance from the synthesis), but solvent-mediated conversion experiments in various solvents clearly prove that form II is the thermodynamically stable form at room temperature. Thermomicroscopic and heating-rate-dependent DSC measurements show that the melting point of form I is slightly higher than that of form II and that the higher melting polymorph exhibits the lower heat of fusion. Therefore, form I becomes thermodynamically stable at higher temperatures and both forms are related by enantiotropism. This is also in agreement with the density rule, because the low-temperature form II exhibits the higher density. Isothermal annealing of both modifications at different temperatures reveals a thermodynamic transition temperature of about 135°C, which is in excellent agreement with that of 137.5°C calculated from the melting temperatures and the heat of fusion of both forms. The high-temperature form can easily be prepared pure by solidification of the melt, which is in agreement with Ostwald's step rule, because form I crystallizes at a temperature where it is thermodynamically metastable. A qualitative energy/ temperature diagram is presented.
Introduction
Polymorphism, which is defined as the ability of a compound to exist in more than one crystalline modification, continues to be an important topic in solid state chemistry. [1] [2] [3] Studying the crystal structures of polymorphic modifications can provide information on intermolecular interactions between molecules and on the influence of the crystal environment on their conformation. [4] [5] [6] Because the chemical composition of the different forms is identical, differences in their stability and their physical properties can be attributed to the different packing patterns, thus allowing investigations of structureproperty relationships. 7 Investigations of the thermodynamic stability of the various forms and their transformations are of great importance, and to this end selective preparations of specific forms must generally be discovered. [8] [9] [10] [11] [12] In some cases these may be difficult tasks, and much effort, involving a variety of physico-chemical investigations, may be needed to establish all the thermodynamic relationships and to construct the energy-temperature diagram. [13] [14] [15] [16] The energy difference between polymorphic modifications is usually small, but may be large enough to allow for different conformations and/or to redistribute weak intermolecular interactions, thus generating a different packing. 1, 4 This might well be the case for solid state structures of polybrominated aromatic systems, in which we are interested particularly with respect to their intermolecular bromine-bromine interactions. 17 This interest led us recently to investigate the solid-state structure of 1,4-dibromo-2,5-bisĲbromomethyl)benzene, for which intermolecular bromine-bromine interactions were to be expected (Scheme 1).
Optical inspection of the sample revealed the presence of two different crystal types: both possessed a rather platy habit (sometimes elongated to form laths), but some (form I) were completely transparent and mechanically robust, whereas others (form II) were markedly crazed or opaque with a high tendency to bending or curling (Fig. 1) . We subjected both forms first to single-crystal structure determination, confirming the presence of two polymorphs, and then to a variety of other physical investigative methods.
Experimental

Preparation of 1,4-dibromo-2,5-bisĲbromomethyl)benzene
The title compound was obtained from commercially available 2,5-dibromo-p-xylene (Aldrich) by radical bromination with N-bromosuccinimide in carbon tetrachloride (yield 50-80%). NMR data agree with those reported in the literature. 18 Single crystals used in crystallographic studies were obtained by slow evaporation of chloroform solutions of the title compound.
X-ray crystallography
Details of intensity measurements and refinements are given in Table 1 . Crystals were mounted in inert oil on glass fibres. Intensity data were recorded with an Oxford Diffraction Xcalibur E diffractometer using monochromated Mo Kα radiation; 19 multi-scan absorption corrections were performed.
The structures were solved with direct methods using SHELXS-97, and structure refinement was performed with full-matrix least-squares on F 2 using SHELXL-97. 20 Hydrogen atoms were included using a riding model. Molecular graphics were prepared with XP. 21 The crystals of form II were non-merohedrally twinned, but the twin components were not related by simple 180°r otations about direct or reciprocal axes; it seems that this crystal form has a high tendency to form satellite crystals. Despite the availability of powerful routines (such as the "HKLF 5" method as implemented in SHELXL) for handling twinned data, the best results were obtained by simply choosing the reflections from the major component and omitting all overlapped reflections.
X-ray powder diffraction
X-ray powder diffraction (XRPD) experiments were performed with Cu Kα radiation (λ = 1.5406 Å) using a Transmission Powder Diffraction System from Stoe & Cie, equipped with a position-sensitive detector (Mythen K1) from Stoe & Cie. Temperature-dependent XRPD measurements were performed with the same instrument, equipped additionally with a hightemperature furnace and connected to an Imaging Plate detector.
Because the crystal structures were determined at low temperatures but the experimental XRPD patterns were recorded at room temperature, serious differences were observed between the reflection positions of the calculated and the measured XRPD patterns. Therefore, the crystal structures were redetermined at room temperature and these data were used to calculate the powder pattern. This led to a reasonable agreement between the experimental and the calculated patterns, which is an important prerequisite because several strong reflections used for the identification of both forms are accidentally overlapped. 
Differential scanning calorimetry
The DSC experiments were performed using a DSC 1 Star System with STARe Excellence Software from Mettler-Toledo AG. All measurements were performed in aluminium crucibles under a continuous flow of nitrogen, using heating rates between 0.1 and 100°C min −1 . The instrument was calibrated using standard reference materials.
Thermomicroscopy
Thermomicroscopic measurements were performed using a hot stage FP82 from Mettler and a BX60 microscope from Olympus, using the Analysis software package from Mettler.
Results and discussion
Crystal structures
Polymorph I crystallizes in the triclinic space group P1; the asymmetric unit consists of half a molecule, which is extended to form a complete molecule via inversion symmetry (Fig. 2 ). Molecular dimensions may be regarded as normal; the main degree of freedom is the torsion angle C2-C1-C4-Br2 −88.1Ĳ2)°, describing the orientation of the bromomethyl group as essentially perpendicular to the ring system. The packing of polymorph I (Fig. 3) involves two contacts Br1⋯Br2 (Table 2) , which connect the molecules to form layers parallel to (101). The C-Br⋯Br angles, one of ca. 90°a nd one of ca. 180°at each bromine, identify the contacts as "type 2", [22] [23] [24] thought to represent the favourable interactions between a region of positive charge in the extension of one C-Br vector with the negative charge surrounding the other bromine cylindrically; this is now regarded as a special case of a "halogen bond". 25 A notable feature of the packing is the formation of Br 4 squares (angles at Br1 93.02(1) and at Br2 87.98Ĳ1)°). We have suggested 17 modifying the familiar graph sets for hydrogen bonds 26 for use with halogen contacts, such that a ring with n atoms, m of which are halogens, would be termed RĲn,m).
The squares are then RĲ4,4) and the rings adjacent to these are RĲ10,4) and RĲ12,4). Two closely related halogen derivatives, both with Br1 replaced by iodine and one also with Br2 replaced by chlorine, have been structurally characterized and their shortest contacts reported; both are isotypic to I.
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Polymorph II crystallizes in the monoclinic space group P2 1 /c; again the asymmetric unit consists of half a molecule, and the complete molecule displays inversion symmetry. The torsion angle C2-C1-C4-Br2 is −81.0Ĳ4)°, so that the molecules of both polymorphs are closely similar.
The packing of polymorph II is shown in Fig. 4 ; it consists of layers parallel to the ab plane, again involving bromine⋯bromine contacts (Table 3 ). The layers of I and II clearly have some features in common; the vertical (in the paper plane) columns of molecules are connected by the RĲ12,4) rings, and the square RĲ4,4) rings (angles at Br1 94.39(1) and at Br2 85.61Ĳ1)°) connect two rows of horizontally adjacent molecules. However, differences in the relative position and orientation of molecules of the two polymorphs lead to the formation of an extra, somewhat longer, contact Br2⋯Br2, formally arising across the long diagonal of the RĲ10,4) ring of I and splitting this into two rings RĲ6,3) that share two central bromine atoms.
Thermodynamic relationships and transformations between the two polymorphs
Two batches of 1,4-dibromo-2,5-bisĲbromomethyl)benzene were synthesized and investigated by XRPD. Comparison of the experimental powder pattern with those calculated for both forms proved that batch 1 consisted of a mixture of form I and II with form I as the major phase, whereas batch 2 seemed to consist of form I exclusively (Fig. S1 †) . This is also clear from microscopic inspection of batch 1, because crystals of both forms can easily be distinguished ( Fig. 1 and S2 †) .
Investigation of batch 1 by differential scanning calorimetry (DSC) at 10°C min −1 showed one very low endothermic Fig. 2 The molecule of polymorph I in the crystal. Ellipsoids correspond to 50% probability levels. peak at a peak temperature (T p ) of 149.5°C followed by an intense endothermic peak at T p = 160.8°C (Fig. 5) . The peak at higher temperatures might correspond to the melting point of one of these forms, whereas the small and broad endothermic event at lower temperatures might correspond to an endothermic polymorphic transition or to melting of one of these forms. If the melt is cooled down, supercooling is observed and, if consecutive heating and cooling cycles are measured, the small endothermic peak is absent in the second run and the material melts at the same temperature as observed in the first run (Fig. S3 †) . In contrast, for batch 2, which according to XRPD consists only of pure form I, one endothermic event occurs at T p = 158.2, which might correspond to the melting point of this form. However, a very broad signal is observed, which implies a more complicated process (Fig. 5) .
To investigate the origin of the small endothermic peak observed for batch 1, a second DSC measurement was performed and stopped after this event at 155°C. Investigation of the residue by XRPD showed that all reflections of form II had disappeared and modification I was obtained as a pure phase (Fig. S4 †) . This proves that form II has been transformed into I, either by a solid-to-solid polymorphic transition, which might be feasible based on the similarity of the packing motifs (see above) or via melting of II followed by solidification of the melt and crystallization of I on further heating, as observed e.g. for trimethylthiourea. 13 Based on these experiments, it can be concluded that the strong endothermic peak observed in the DSC measurement at T p = 160.8°C of batch 1 must correspond to the melting of form I. It is therefore surprising that this value is higher than T p = 158.2°C as determined from batch 2, which consists of form I exclusively.
In an attempt to resolve this problem, heating-ratedependent measurements on batch 2 were performed, but very broad peaks were always observed and there was no indication that additional transformations are involved that might be resolved at different heating rates ( Fig. S5 and Table S1 †). Moreover, if consecutive heating and cooling cycles were measured for this batch at 10°C min −1 , very broad signals and lower melting points were always observed (Fig. S6 †) . To rule out any further transformation before melting, a further measurement was performed and stopped at 120°C, but the experimental XRPD pattern was identical to that of the pristine material (Fig. S7 †) . This is consistent with temperature-dependent XRPD measurements, which showed no changes up to the melting point (Fig. S8 †) . However, when the solidified melt of batch 1 was investigated by XRPD, it was clear that form I has been obtained exclusively (Fig. S9 †) . Moreover, if consecutive heating and cooling cycles were measured for this batch at 10°C min −1 , very narrow melting peaks were always observed, and always at higher melting points compared to those measured for batch 2 ( Fig. S3 †) ; there is also no influence of the actual heating rate (Fig. S10 †) . Consequently, it must be assumed that batch 2 is contaminated either by an amorphous material or by a very small amount of a crystalline material undetectable by XRPD. This is reasonable, because in some other batches we detected some monobrominated 2,5-dibromo-p-xylene (4-bromomethyl-2,5-dibromotoluene), which has a lower melting point, as a by-product using TLC and NMR spectroscopy. Only a very small amount of contamination, difficult to detect by other methods, would be needed to reduce the melting point by a few degrees. The melting point and melting enthalpy of pure form I, obtained from melting of batch 1, was determined from several DSC runs at various heating rates, and at 5°C min −1 average values for the peak temperature T p of 159.1°C, for the onset temperature T o of 156.7°C and for the heat of fusion of ΔH fus = 27.0 kJ mol −1 were obtained (Table S2 †) .
Because we had no access to pure form II, we tried to prepare this modification by kinetic control. Therefore, the compound was dissolved in dichloromethane, which because of its low boiling point can be vaporized very rapidly. We obtained a batch that consisted of a mixture of both forms, and in contrast to all other batches contained form II as the major phase, but when the experiment was repeated, form I was obtained exclusively (Fig. S11 †) .
To determine the relative thermodynamic stability at room temperature, a saturated solution with an excess of form I (obtained by melting the material) and of form II (prepared by fast crystallization from dichloromethane) was stirred for one week in ethanol. Investigation of the residues thus obtained by XRPD showed that form I had been completely transformed into form II, which proves that form II represents the thermodynamically stable modification at room temperature (Fig. 6) . The same result is obtained if such an experiment is performed in other solvents (Fig. S12 †) . We conclude that form I was accidentally obtained from the synthesis by kinetic control.
For the following thermomicroscopic investigations, crystals of both forms were selected by hand, their identity was checked by single crystal X-ray diffraction and fragments of these crystals were investigated. On heating form II at 1°C min −1 (Fig. 7 , top set of 3 × 3 images) the crystal became brighter between about 146 and 162°C, whereas no changes were observed for the crystal of form I. The change in appearance may be attributed to the transformation from form II to form I. On further heating, both crystals melted at the same temperature (Fig. 7 , top set, last two images), which is to be expected if the crystal of form II transforms into form I before melting. From this experiment it is difficult to decide if the transformation is a solid-to-solid transition that proceeds via nucleation and growth of a new phase, or if the transformation takes place by melting of form II, crystallization of form I and melting of this form at higher temperatures. The latter would be in accordance with the observation that the crystals become brighter during the transition and, because both melting points are very similar, it is not necessary for the whole crystal of II to melt before crystallization of I takes place; the transformation from II to I can take place gradually throughout the entire crystal without changing its habit. However, at the faster heating rate of 10°C min −1 , in one experiment (Fig. 7 , bottom set of 3 × 3 images) crystals of form II did not become noticeably clearer, but instead were observed to melt before the melting of form I, which clearly shows that the melting point of form II is lower than that of form I. This is expected, because form I exhibits the higher melting point and therefore should be thermodynamically stable at higher temperatures. At lower temperatures such as room temperature, however, the solvent-mediated conversion experiments have proved that form II is thermodynamically stable, and thus both forms should be related by enantiotropism, with form II as the lower melting polymorph. In most such cases the low-temperature phase transforms into Peak temperatures (T p ) are given in°C. the high-temperature phase before melting, so that one cannot measure the melting point of the former, but in a few cases, e.g. at higher heating rates, this transformation can be suppressed, which was obviously the case for the thermomicroscopic measurement at the higher heating rate. Interestingly, a similar observation was made in our temperature-dependent XRPD measurements (Fig. S13 and S14 †). If a mixture of both modifications is investigated, the transformation of form II into I occurs at about 140°C, but if pure form II is measured, the sample melts without any previous transformation. It seems that the presence of crystals of form I in the mixture induces transformation to this modification.
To investigate the thermal behavior in more detail, heating-rate-dependent DSC measurements were performed for form II (Fig. S15 and Table S3 †). Heating rates up to 100°C min −1 were used, because in some cases a transition can be suppressed on fast heating, leading to more precise values for the transition enthalpies. However, for all heating rates clearly two transitions are visible, and these can only successfully be resolved at 1 and 5°C min −1 . Interestingly, the intensity of the first peak increases with increasing heating rates and becomes comparable with that of the second peak, which is not consistent with a solid-to-solid polymorphic phase transition, where the heat of transformation does not change with the heating rate. It is more likely that the polymorphic transition is more effectively suppressed with increasing heating rates and that in this case melting of form II is observed. However, in these experiments even at very low heating rates melting of form II might be observed, which is indicated from the measurement at 1°C min
where directly after the first maximum a very small exothermic peak is observed, which implies crystallization of modification I formed by melting of form II during the first thermal event. This is in agreement with a measurement at 0.1°C min −1 , where several very small consecutive endothermic and exothermic peaks were observed, indicating a stepwise melting and crystallization of this compound (Fig. S16 †) . Finally, when DSC curves were measured for a very pure sample of form II prepared by stirring the material in ethanol, in one measurement at 3°C min −1 two well-resolved thermal events were observed, of which the first was more intense than the second, showing that two melting points are involved (Fig. 8, top) . In a second such measurement at 1°C min −1 , only one peak was observed, which corresponds to the melting of form II (Fig. 8, bottom) . Obviously the purity of each form and the kinetics of the transition has a significant impact on the thermal behavior. All experiments discussed above prove that form II is stable at lower temperatures and that the melting point of form I is higher than that of form II. Therefore, both forms must behave enantiotropically and in this case the higher melting polymorph should exhibit the lower heat of fusion. 28 For form I the heat of fusion was determined at 5°C min −1 to be 27.0 kJ mol −1 (Table S2 †) but precise values for form II are lacking, because in nearly all measurements the two thermal events cannot be resolved successfully. However, if the sum of both peaks is calculated for each measurement shown in Fig. S15 , † an average value of 33.1 kJ mol −1 is obtained, which agrees nicely with that obtained from the measurement shown in Fig. 8 of 32.1 kJ mol −1 . These values are higher than those for form I and thus both modifications are indeed related by enantiotropism. 29 To determine the thermodynamic transition temperature, mixtures of both forms were annealed at different temperatures until one form had been converted into the other. If such an experiment is performed at 130°C, form I was converted to II within 4 days, but if the same experiment was performed at 140°C, all crystals of form II were transformed into form I (Fig. 9 ). When this experiment was repeated at 135°C, no complete transformation was observed even after one week. Therefore, the thermodynamic transition temperature must be close to this temperature.
From all these experiments a qualitative energy/temperature diagram can be drawn that shows the thermodynamic relationships between both modifications (Fig. 10) . From very low temperatures up to 135°C, form II is thermodynamically stable, which is also in agreement with its higher density compared to that of form I. 29 At about 135°C the free energy temperature curves cross, and above this temperature form I represents the thermodynamically stable form, whereas form II is metastable. In this diagram the curve for the relative free energy of the melt is also shown, from which it is clear that form I exhibits the higher and form II the lower melting point and that in the case of enantiotropism the heat of fusion of the higher melting polymorph I must be lower. Finally, in those cases where the melting point and the heat of fusion for two modifications are known, the transition temperature can be estimated using the following equation, in which differences in the heat capacity are neglected: 30 At 1°C min −1 the melting points of form I were determined to be T o = 156.9 and T p = 158.5°C and for the heat of fusion ΔH fus a value of 28.0 kJ mol −1 was obtained. As pointed out above, for one batch of form II melting of only this form was observed (Fig. 8) . heating-rate-dependent measurements. Because the onset temperature cannot be determined very precisely, but data were measured for the same heating rate, the peak temperatures might preferably be used for the calculation. Using these values the thermodynamic transition temperature T trs of 137.5°C is calculated, which is in excellent agreement with that determined by experiment. However, it should be borne in mind that the values for form II are not very precise and that even small differences in the experimental values will affect this temperature appreciably. 
Conclusions
Investigations of the thermodynamic relationships between both forms of 1,4-dibromo-2,5-bisĲbromomethyl)benzene have shown that form II (monoclinic) is thermodynamically stable at lower temperatures, where form I (triclinic) is metastable. Because the density of form II is higher than that of form I it should also be stable at 0 K. 13 Above about 135°C form I becomes thermodynamically stable and therefore both polymorphs are enantiotropically related. In several experiments, melting of form II is first observed, followed by melting of form I; however, at very low heating rates there are strong indications that form I crystallizes from the melt of form II, because at this temperature form I is thermodynamically stable and its melting point has not been reached. If mixtures are used, both thermal events are visible by DSC, but if very pure form II is investigated, melting of only this form can be observed exclusively. In the former case, crystals of form I might induce crystallization of this form after melting of form II.
From our thermomicroscopic and DSC investigations it is difficult to decide if the transition of form II into I is a solid-tosolid polymorphic transition or if it proceeds via melting of the low temperature form with subsequent crystallization of the high temperature form. Obviously both events can be observed, and any particular observation will depend on the purity of each form and the kinetics of these reactions. The fact that form I is always formed on solidification of the melt is in full accordance with Ostwald's rule; 31 because of supercooling this compound always crystallizes below the thermodynamic transition temperature, where it is metastable. It is to be noted that initial experiments provided contradictory results, because one batch was contaminated with a very small amount of a further compound that was difficult to detect and that led to a lower melting point. This clearly shows that for the investigations of polymorphism, and for the determination of the thermodynamic relationships between different forms, great experimental effort using different analytical techniques must be made and very pure samples are needed, especially if the melting points of two different modifications are similar.
